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Abstract On the 21 August 2017 the eclipse shadow drastically changed the state of the ionosphere over
the United States. This effect on the ionosphere is visible in the total electron content measured by
Global Navigation Satellite Systems (GNSS). The shadow moved with the supersonic speed of ~1,000 m/s
over Oregon to ~650 m/s over South Carolina. In order to exhaustively explore the ionospheric signature
of the eclipse, we use data of total electron content from ~3,000 GNSS stations seeing multiple Global
Positioning System (GPS) and Global Navigation Satellite System (GLONASS) satellites to visualize the
phenomena. This tremendous dataset allows high-resolution characterization of the frequency

content and wavelengths—using an omega-k analysis based on 3-D fast Fourier transform—of the eclipse
signature in the ionosphere in order to fully identify traveling ionospheric disturbances (TIDs). We
confirm the generation of TIDs associated with the eclipse including TIDs interpreted as bow waves in
previous studies. Additionally, we reveal, for the first time, short (50-100 km) and long (500-600 km)
wavelength TIDs with periods between 30 and 65 min. The sources of the revealed short wavelength
TIDs are co-located with the regions of stronger gradient of the EUV related to sunspots. Our work
confirms and describes physical properties of the waves observable in the ionosphere during the Great
American Eclipse.

Plain Language Summary A total solar eclipse occurred on 21 August 2017 over the United
States with the eclipse shadow reaching supersonic speed. We calculate the differential total electron
content to visualize the evolution of the phenomena with incredible high spatial and temporal resolution.
Traveling ionospheric disturbances associated with the eclipse with a period of up to 1 hr and
wavelengths of 40 to 600 km including bow waves with a period of ~25 min and wavelength of ~300 km
are identified using an omega-k analysis based on 3-D fast Fourier transform. The additionally
highlighted shortest (50-100 km) and longest (500-600 km) wavelength traveling ionospheric
disturbances have not been observed before. The shortest waves seem to be related to sunspots.

1. Introduction

During the total solar eclipse of 21 August 2017 the Moon's shadow travels with supersonic speed
(~1,000-650 m/s) from the west to the east coast of the continental United States. It takes about 95 min
for the shadow to cross the United States. Called the Great American Eclipse nowadays, the first total eclipse
visible in North America in the XXI century, it also traverses a dense network of ~3,000 Global Navigation
Satellite Systems (GNSS) stations giving, for the first time, the unique opportunity to analyze and deeply
explore the effect of the Moon's shadow on the ionosphere with high spatial resolution. The Moon's shadow
crosses the North American continent from ~10:00 local time (LT) in Oregon to ~15:00 LT in South Carolina.
Therefore, the largest eclipse effects would be expected over the central United States between local noon
and 13:00 LT, when the solar radiation is highest. The radical changing of the solar radiation due to the
Moon's shadow produced a quick electron density decrease in the ionosphere, clearly visible in the total
electron content (TEC) measured by GNSS stations. Indeed, the TEC represents the electron density
integrated along a ray-path between a GNSS station and a satellite. The magnitude of the TEC depletion
produced by the Moon's shadow was already studied in the past and was found to depend on the latitude
(Le et al., 2009). Other studies confirmed this effect: for total solar eclipses the TEC depletion can reach
30-40% at midlatitudes with a delay of 5-20 min after the passing of the Moon's shadow (Jakowski et al.,
2008); (Ding et al., 2010), 10-30% at high latitudes (Afraimovich et al., 1998); (Momani et al., 2010);
(Hoque et al., 2016), whereas for the equatorial latitudes it can reach more than 40% due to the increased
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ionization within the equatorial anomaly (Tsai & Liu, 1999). The effect related to the latitude mainly
depends on the elevation angle of the Sun and therefore higher ionization at low latitudes, which increases
the background TEC. This amplifies the effect of the solar eclipse.

The TEC depletion due to the Moon's shadow and the related change of the solar flux is not the only effect
that is expected to occur during the eclipse. The supersonic speed of the shadow of the Moon is predicted to
excite lower atmospheric acoustic and gravity waves that can reach the ionosphere and generate various
traveling ionospheric disturbances (TIDs), some of them explained as bow waves (Chimonas, 1970);
(Chimonas & Hines, 1971) that are preceding and trailing the solar eclipse and are produced by the
reduction of heating sources (e.g., ozone at 45 km or extreme ultraviolet heating above 100 km). TIDs
generated by the eclipse have been found to have a wide range of wave periods, ranging from 4 min
((Sauli et al., 2006)), 60 min ((Jakowski et al., 2008)), and to 87 min (Liu et al., 1998). Additionally, TIDs with
a period of 20-40 min have been interpreted as bow waves (Ivanova et al., 1998),

First results for the 21 August 2017 solar eclipse confirmed the expectations by detecting a TEC depletion
due to the Moon's shadow as well as the consequent generation of bow waves induced by the supersonic
speed of its moving, and other TIDs were clearly visible in the TEC thanks to the high spatial resolution
of the dense GNSS network over the entire United States (Zhang et al., 2017); (Coster et al., 2017);
(Cherniak & Zakharenkova, 2018); (Sun et al., 2018);. Those first studies mainly used keograms to obtain
information about the TIDs. (Pradipta et al., 2018) confirmed those first observations and the predictions
by (Huba & Drob, 2017) additionally using ionosonde data. (Nayak & Yigit, 2018) performed a 2-D fast
Fourier transform (FFT)to analyze the frequency content of the TIDs at selected stations. Their results
showed TIDs with a dominant peak at about 20-30 min and broadly extended to 20-90 min periods, without
details about the wavelength of the observed TIDs. A simulation of bow waves during the eclipse (Lin et al.,
2018) reproduced TIDs with a period of 20-30 min and therefore similar characteristics to the bow waves
observed by (Zhang et al., 2017). They also fall within the range of the dominant frequency peak of the
TIDs observed by (Nayak & Yigit, 2018). The modeled thermospheric/ionospheric bow waves by
(Lin et al., 2018) and (Lei et al., 2018) are evanescent in situ generated bow waves (Ridley et al., 1984) and
are not a wavefield generated at stratospheric heights as predicted by (Chimonas, 1970). (Harding et al.,
2018) present observational evidence for those thermospheric bow waves using direct measurements of a
neutral wind disturbance on the nightside. A simulation of the global upper atmospheric responses to
the eclipse by (Dang et al., 2018) shows that the effect of the eclipse is not just regional but global and that
large-scale atmospheric disturbances were triggered by the eclipse. Thermospheric winds lead to a large
TEC enhancement over South America. (Aryal et al., 2019) observe wave-like perturbations in red and
green line brightness from ground-based optical measurements. Although the ionosphere-thermosphere
system could still be perturbed by the solar eclipse they link LSTIDs generated during the night, with a
dominant period of about 1.5 hr and a long wavelength of more than 1,000 km, to an increased
geomagnetic activity.

The debate about the physical origin of the perturbations and waves observed during the eclipse in the iono-
sphere is still open. For instance, (Mrak, Semeter, Drob, et al., 2018) name the modulation of the extreme
ultraviolet (EUV) related to high-energy sunspots as the origin of the TIDs instead of the generation of
bow waves. More recent work of (Mrak, Semeter, Nishimura, et al., 2018) claim that thunderstorm initiated
gravity waves are also a source for observed TIDs before as well as during the eclipse, in addition to the EUV.

Here we present—for the first time—a complete omega-k analysis, based on a 3-D FFT, of the TEC varia-
tions observed by GNSS during the solar eclipse over the entire United States to extensively highlight the
main periods, wavelengths and speeds of the observed waves and to separate the signatures of different
observed waves.

2. Data and Methodology

In order to visualize the TEC perturbations induced by the solar flux variations related to the Great
American Eclipse, we used an extensive database consisting of ~3,000 GNSS stations and capturing signals
from Global Positioning System (GPS) and Global Navigation Satellite System (GLONASS) satellites. Using
both GPS and GLONASS increases the number of available data by a factor of 1.5-2 compared to the use of
GPS only. The used ground-based stations continuously record data with a sampling rate of 30s. We only use
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Figure 1. Total electron content (TEC) maps for the eclipse day (top left and right side) and for 22 August, the day after the
eclipse (bottom, left and center). Shown are differential vertical TEC (VTEC) values for four moments of time during
the totality passing over the United States (16:30 UT, 17:30 UT, 18:30 UT, and 19:30 UT). The location of each observation
is the piercing point at 300 km of altitude. The blue lines are the northern and southern boundary of the totality, 80%
and 60% of obscuration starting from the magenta star that shows the location of the center of totality. The entire movies
are available as Movies S1 and S2.

data of satellite-station pairs with an elevation angle of more than 15°. As mentioned above, the TEC is the
integral of the electron density along the line-of-sight between the ground-based GNSS receiver and the
satellite. The slant TEC (STEC) for each satellite-receiver pair is converted to vertical TEC (VTEC) for the
height of the maximum ionization of the ionosphere, so it represents the vTEC directly above the receiver.
For the conversion of slant TEC to vertical TEC we use the following mapping function (Dautermann &
Calais, 2008):

2
VTEC = sTEC*{ [1— (M)

RE+h1

where 6 is the satellite elevation angle, Rg is the mean radius of the Earth, and h; the height of maximum
ionization in the ionosphere (here 300 km).

In order to compute the differential vTEC to use for the omega-k-analysis, we define the unperturbed back-
ground as the polynomial fit of 10th degree of our data. According to (Mrak, Semeter, Drob, et al., 2018) the
polynomial fit of 10th degree creates artificial maxima and therefore they used a different approach splitting
the data and using two polynomials of varying degree. By filtering the raw data using a butterworth bandpass
filter from 0.2 to 2 MHz we can show that those maxima are also present in the filtered data and therefore are
not artificial (Figure S2 in the supporting information). The differential vTEC for each receiver-satellite
couple is computed separately. The differential vTEC -shown in detail in the supplementary materials
(Movies S1 and S2 in the supporting information) and resumed in Figure 1, was computed using only a
running mean filter to highlight the TEC depletion due to the eclipse. Further analysis of the eclipse induced
phenomena by omega-k analysis is done using the polynomial fit as the only filtering as this provides the best
signal to noise ratio.
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Our omega-k analysis consists of detecting plane wave structures of the form Age T+ @D i the space-

time domain of the differential vTEC dataset, where omega w represents the wave's angular frequency which
equals to 2t/ T, where T is the period of the wave, and k is the wave vector, which is the vector with a length
equal to the wavenumber k in the direction perpendicular to the wavefronts. This meanslkl=k=2 m/A. The
direction of the wave vector k is ordinarily the direction at which the plane wave is traveling. This signal
representation is adequate to detect the travelling waves signature by both measuring their characteristic
temporal scale as well as their physical extent in the considered region. For the computation of the
omega-k analysis we use the FFT algorithm (Bracewell & Bracewell, 2000).

For the omega-k analysis we use differential vVTEC computed with a polynomial fit as described above. This
gives us a better signal to noise ratio performing the Fourier transform compared to the use of the running
mean or bandpass filter and therefore enables us to detect and differentiate the TIDs. Note that no further
filtering is performed, theoretically allowing the detection of low-frequency waves with periods larger than
1 hr. The discrete values for the angular frequency w depend on the length of the total duration Tiengn of our
differential vTEC dataset and the sampling rate dt, where w ranges from -nt/dt to 7t/dt in steps of 27t/ Tiength-
The discrete values of the k-vector k (k,, k,) are described as follow: k, depends on the size dIx of the cell in
longitude and the size L, of the whole grid's dimension in longitude (~4,600 km); consequently, k, ranges
from -7t/dIx to /dlx in steps of 2rt/L,. Following the same description, ky depends on dly and Ly, respectively
the cell size and the whole grid's dimension in latitude (~2,200 km). The w and k (k,, k) are related to period
T=2n/w and wavelengths A (4, A,)=(2n/k,, 27t/k,) and expressed in minutes and kilometer, respectively, to
simplify the description of the observed TIDs.

In order to perform the omega-k analysis of the ionospheric signature of the eclipse, the differential vTEC is
averaged and binned into a grid laid over the United States from 30° to 50° in latitude and 235-290° in
longitude with cells of 0.28° X 0.39° in latitude/longitude, respectively. No interpolation is applied, so that
cells without data are marked as blank. The blank cells are set to zero. They correspond to around 11% of
our grid cells. As we use differential TEC for the TEC maps, setting blank cells to zero implies that there
is no variation of the TEC in that area. The maximum number of station satellite pairs binned in one pixel
varies from 60 to 100 for each epoch, whereas the average number of dTEC measurements per cell is around
35. The 3-D FFT is computed by doing a 1-D FFT along each dimension of the three dimensional array. The
TEC maps were created each 30s for a period of 4 hr starting at 16:18 UTC, which is 1 hr before the center of
the eclipse first enters Oregon. The resulting 3-D box of 2-D TEC maps per 30 seconds over 4 hr is used as
input for a 3-D fast Fourier transform. This tremendous dataset allows a deep analysis of the frequency con-
tent and wavelength of the eclipse signature in the ionosphere in order to fully identify the waves associated
with the eclipse phenomena.

To highlight the TIDs detected in the omega-k space, we perform an inverse 3-D FFT to show the propaga-
tion of the TID in time domain. The inverse 3-D FFT is performed for only the part of the cube identified as
contributing to the TID and all other cells are set to zero.

3. Results

Figure 1 shows the differential vTEC map for four different time steps during the eclipse, from 16:30 UT
before the Moon's shadow appears over Oregon until 19:30 UT when the Moon's shadow moved past
North America. For better comparison with the day before and after the eclipse we compute absolute
STEC. To correct for the satellite bias we use the values from the CODE IONEX files of the University of
Bern. The receiver bias is removed using the minimum-scalloping method (Rideout & Coster, 2006). We
compare the absolute sTEC single station-satellite of the eclipse day with the day before and the day after
the eclipse, in order to highlight the level of perturbation - reaching around 5 TEC unit (TECU), and corre-
sponding to 25% of the background TEC, produced by the eclipse (Figure S1). We also show differential
VvIEC maps in order to highlight higher frequency perturbations and wave propagation (Figure 1). Before
the Moon's shadow arrives over Oregon, no ionospheric disturbances are detectable in the differential
VvTEC map. A strong depletion of ~0.4 TECU is located in the area corresponding to the totality and it affects
large parts of the United States until the 60% of obscuration. The eclipse TEC depletion is clearly visible in
the TEC maps from 17:30 to 19:30 UT. The largest depletion has a time lag of ~10 min to the center of the
total eclipse, showing the time of reaction of the ionosphere to the change of solar flux. The TEC
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Figure 2. 3-D fast Fourier transform result for the day of the eclipse and the day after. The diagrams show the wavelength
A over the period T of the observed waves. Colors show the intensity for specific wavelengths and periods. White

boxes numbered one to four highlight the zones of high intensity associated with TIDs following the eclipse. The phase
speed range for those boxes is as follows: 145-542 m/s (box 1), 49-196 m/s (box 2), 108-283 m/s (box 3) and 16-39 m/s
(box 4). The black dashed boxes correspond to the observations and interpretation of (Zhang et al., 2017): TIDs generated
by the TEC depletion by the Moon's shadow (box 2) and by bow waves (box 3). The grey dashed box corresponds to
modeled bow waves (Lin et al., 2018). The day after the eclipse is plotted for comparison and to show that the observed
TIDs are not daily reoccurring but associated with the solar eclipse.

depletion follows the Moon's shadow during its movement across the United States and the TEC background
returned to normal level after the Moon's shadow left North Carolina. Besides the depletion caused by the
Moon's shadow other waves are visible, identified as general TIDs and also more specific bow waves
preceding and following the main TEC depletion. Bow waves are expected to form if the penumbra moves
faster than the local sound speed (Chimonas, 1970), (Chimonas & Hines, 1971). The sound speed in the
ionosphere ranges from 600 m/s to 800 m/s (Picone et al., 2002). Therefore the speed of the Moon's
shadow is supersonic on the west coast (~1,100 m/s) but drops down to around sound speed at the east coast
(~650 m/s) of the United States.

To further investigate the physical characteristics of the TIDs, we perform the omega-k analysis on the dif-
ferential vTEC maps using the 3-D FFT method on a grid of 0.28° X 0.39° in cell size in latitude/longitude.
This means the size of a pixel is around 33 km in latitude and ranging from ~29 km at 50°N to ~38 km at
30°N in longitude. As mentioned above, the differential vTEC values were averaged for each cell and no
interpolation applied. Cells without data were set to zero. The results of the 3-D FFT show the wavelength
over the period (Figure 2) to identify propagating waves. For comparison, the results for the day after the
eclipse (22 August) are also shown to highlight that the observed TIDs (on 21 August) are induced by the
solar eclipse and are not daily reoccurring events. To support our comparison between the two observed
days, we highlight that geomagnetic activity for both days was low, so that the solar eclipse is left as the most
likely explanation for the generation of the observed TIDs. In Figure 2 we see four zones with higher
intensity, representing TIDs. To define the zones we look for cells with a significant higher intensity as
the background and with neighboring cells of the same intensity. We define the boxes trying to avoid includ-
ing areas of lower intensity. For example, Box 4 could be extended to include a bit bigger wavelengths but not
without also including cells of lower intensity. Also, it looks like for small wavelengths and long periods of
100-200 min that there could be a zone of high intensity, but this is regularly intercepted by cells of lower
intensity and therefore not considered as TID in this study. Zone 2 shows waves with period of 40-70 min
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Figure 3. Results for boxes 1-4 from Figure 2 after filtering the data for characteristics of each box in frequency domain
and performing an inverse 3-D fast Fourier transform (FFT). Shown is an image for each box at 18:00 UTC to highlight the
characteristics of the TIDs. As in Figure 1 the magenta star shows the center of the totality at a specific time and the

blue lines represent the northern and southern boundaries of the path of totality and 80/60% of obscuration respectively.

and wavelength of 200-450 km, which confirms the observations of (Zhang et al., 2017); they speculate that
the source of those TIDs is the TEC depletion induced by the solar eclipse. In essence, (Zhang et al., 2017)
suggest that the TIDs are directly generated by the plasma density variation in the ionosphere. Zone 3,
related to a period of 25-30 min and wavelength of 300 km, has been interpreted by (Zhang et al., 2017)—
using keograms—as bow waves induced by the supersonic speed of the shadow. Indeed, zone 3 also
corresponds to physical properties of bow waves modeled by (Lin et al., 2018) where the exact eclipse
parameters were used to model the generation of bow waves in the low atmosphere, then propagating to
the ionosphere. Additionally we found TIDs with period of 40-65 min and wavelength of 50-100 km
(zone 4), as well as TIDs with period of 30-60 min and wavelength of 500-600 km (zone 1). The TIDs
with physical properties corresponding to zones 1 and 4 were not yet reported in literature. They
correspond to long (zone 1) and short (zone 4) wavelength gravity waves that are potentially generated in
the low neutral atmosphere and perturb the ionosphere during their upward propagation or are directly
generated at ionospheric altitude by the quick plasma density change as speculated by (Zhang et al.,
2017). Additionally, the short wavelength gravity waves related to zone 4 present localized sources that
around 18:00 UT correspond to the regions of stronger gradient of EUV as suggested by (Mrak, Semeter,
Drob, et al., 2018) and support their hypothesis of the role of the modulation of sunspot in the
ionospheric signature of the eclipse (Figure 3). Our results support the idea that the localized effect of
sunspot generates short wavelength TIDs moving at around 16-39 m/s (zone 4) that coexist with bow
waves (zone 3 and 1) and other TIDs (zone 2) related to the eclipse.

In order to better visualize the TIDs related to the four boxes, Figure 3 shows the results of an inverse 3-D
FFT of each box identified in Figure 2. It shows the propagation of those TIDs in time domain after filtering
in the omega-k space for the characteristics seen in Figure 2. As described above, box 2 represents the TEC
depletion by the shadow of the Moon itself and it is clearly visible in Figure 3 in the plot to the upper right
that the depletion corresponds to the position of the totality with a small time lag. Box 1 shows the same cor-
relation with the totality for a longer wavelength following in the North the shape of the bow waves modeled
by (Lin et al., 2018). Same as box 3 it represents bow waves excited during the eclipse but with a longer wave-
length than reported for this eclipse before. Box 3 is linked to show the same characteristics as the TIDs
described as bow waves by (Zhang et al., 2017) or modeled by (Lin et al., 2018) and as we see in Figure 3
in the bottom left plot it is not only limited to the position of totality but seems to create a wavefield trailing
and preceding the totality. This last feature is also present in box 1. We highlight that boxes 1 and 3 better
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describe the northern extent of the bow waves instead of the v-shape. This effect is the consequence of the
larger extent of the bow wave in the North (e.g., Figure 1 at 18:30 UT) coupled together with our
methodology that is more sensitive to detecting plane wave structures instead of v-shape structures. Box 4
shows circular structures that seem related to a more static source. Their position does not correspond to
thunderstorms occurring during the eclipse ((Mrak, Semeter, Nishimura, et al., 2018)), but around 18:00
UT the position corresponds to that of EUV modulations shown by (Mrak, Semeter, Drob, et al., 2018).
(Aryal et al., 2019) show that increased geomagnetic activity after the eclipse generated large scale TIDs with
awavelength of more than 1,000 km and a dominant period of 1.5 hr. As our choice of the grid limits the FFT
resolution to a maximum wavelength of 600 km we cannot see TIDs of the same type during the day,
although Box 4 lies within the same period.

(He et al., 2018) show results of a 3-D tomography of the solar eclipse focusing only on the depletion due to
the Moon's shadow itself without further investigating other TIDs. Notwithstanding additional efforts are
necessary to locate the altitude of TID formation, our work clearly quantifies the physical characteristics
(period and wavelength) of the observed TIDs, their location and the propagation pattern. Modeling or
3-D high-resolution reconstruction of the ionosphere (tomography) could help to fully understand whether
the generation process occurs in the low altitude neutral atmosphere or in the ionosphere.

4. Conclusion

The Great American Eclipse moved with a narrow 160-km-wide Moon's shadow over the entire North
America during daytime (10:00-15:00 LT) and along a path from Oregon to North Carolina. Outside of
the totality zone, a partial solar eclipse associated with the penumbra covered the majority of the United
States. This amazing and unique phenomenon was observed by the wide network of ~3,000 GNSS stations.
They showed for the first time, and with an unprecedently high spatial and time resolution, the response of
the ionosphere visualized by TEC measurements all around North America. The TEC signatures of the
eclipse show a strong absolute STEC depletion of the order of 25% of the normal background estimated using
the day before and day after the eclipse. We particularly image the signature of the eclipse over the entire
North American subcontinent computing differential vertical TEC maps based on ~3,000 stations and 21
GPS or GLONASS satellites. Our differential vertical TEC maps show a depletion of -0.4 TECU in average
following the Moon's shadow with a delay of around 10 min and broadly extended (transverse to the path
of the eclipse) until the area of 60% of obscuration (blue lines in Figure 1) in North America. Using different
data fitting approaches we can show a proof of the existence of a bow wave trailing the eclipse in the TEC
maps. We additionally use the high spatial and temporal resolution of our maps to fully analyze the wave
propagation visible in the ionosphere as TIDs related to the Great American Eclipse: we perform an
omega-k analysis by a 3-D FFT. We confirm the presence of TIDs with period of 40-70 min and wavelength
of 200-450 km already observed in the literature using keograms, as well as the presence of TIDs with a
period of 25-30 min and the wavelength of 300 km possibly triggered by the supersonic speed of the
Moon's shadow. We also highlight —for the first time in literature- longer wavelength (500-600 km) TIDs
with a period of 30-60 min that are related to the TEC depletion due to the Moon's shadow, as well as shorter
wavelength (50-100 km) TIDs with a period of 40-65 min. Those last TIDs have sources co-located with the
regions of stronger gradient of EUV at a specific time and consequently support the role of the modulation of
sunspot in those waves generation. With our work, we wish to push forward the full interpretation of the
effect of the Great American Eclipse and generally the fast changing of the ionospheric plasma density
related to quick solar flux variation.
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